In order to understand the relationship between Anisotropy of Magnetic Susceptibility (AMS) and mineral texture in a hydrodynamic context, a multidisciplinary study was carried out (Sizaret et al., Part I, 2006 ) on a well-known pipe-formed calcite. The AMS measurement on the magnetite-bearing calcite shows a good coherence between the magnetic lineation and the flow direction. However, the texture analyses by optical and imaging observations reveal two statistically distinguished directions which are about 15° slightly and oppositely misaligned with the fluid circulation direction. This consequently leads us to find a theoretical explanation at the crystal scale, based on crystal growth processes.
The idea that mineral shapes and textures are related to their intrinsic properties and to the influence of the external media is not new: Curie (1908) stated that "a crystal under an external influence will exhibit only those symmetry elements that are common to the crystal without the influence and to the influence without the crystal". Hence, in the case of crystal genesis in a flowing solution, the texture should be related to the surrounding flow field. Models describing crystal growth have been developed in different ways, both from experimental observations and from hydrodynamic considerations (e.g. Lebedev 1967; Kostov & Kostov 1999; Sizaret et al. 2006, Part I) .
Experiments considering the bulk crystal shape showed that in case of volume diffusion, the bulk crystal growth rate is proportional to the square root of the flow velocity (Garside et al. 1975) . Observations of growth bands in natural galena (Kessler et al. 1972) suggested that upstream crystal faces possess a higher growth rate, which has been confirmed by experiments on ammonium-dihydrogen phosphate (ADP) (Prieto & Amoros 1981; Prieto et al. 1996) . Chernov proposed a model to describe the processes of perturbation occurring on the crystal face at kink step scale by step bunching. In this model, the local flow is only considered in the vicinity of the mineral: it is parallel to the crystal face and increases exponentially from zero at the wall to a constant value at infinity, the variations of the velocity along the crystal face being neglected at this scale (Chernov 1992 and 2004) .
The first attempts to establish a quantitative link between the crystal growth rate and the fluid velocity were limited to the case of a crystal face parallel to the flow (Carlson 1958; Gilmer et al. 1971; Rosenberger 1979 ). Gilmer et al. developed a unified formulation describing crystal growth rates by considering two kinds of processes: diffusion of solute through a volume of liquid (nearly) at rest relatively to the crystal surface, and reactions at the surface leading to the incorporation of molecules in the lattice. More recently, Prieto et al. (1996) considered three orientations: normal facing to the flow, parallel to the flow and in downstream position or 'in the shade'. In the two previous cases, the authors invoked the classical hydrodynamic boundary layer theory to account for mass transfer through the 'concentration boundary layer', although eq. (3)-(6) in Prieto et al. (1996, p. 991) are questionable. In the "shade" position, experiments show lower growth rate: the crystal growth is perturbed, and step bunching process dominate in an eddy zone whose features depend on the flow velocity. In this latter case, the crystal face is in a wake flow, difficult to model from the hydrodynamic point of view, but in which the fluid may be considered nearly at rest, and for which the boundary layer theory is no longer valid.
Following these ideas, the aim of this paper is to develop a general model, based on rigorous self-similarity boundary layer analysis, to predict quantitatively crystal growth rates for arbitrary orientations of the faces, hence accounting for the observed asymmetry. The paper is 4 organized as follows: Section 2 recalls how crystal growth is related to diffusion processes, mainly to a concentration thickness Δ c -the crux of the model-which has to be properly defined.
Since readers of GJI are not familiar with the concept of boundary layers, the main elements of the theory are explained in section 3. The full model for Δ c is given in section 4, and the major parameters controling the crystal growth are discussed in section 5. Results of the model are shown in section 6 in comparison with previous experimental work (Garside et al. 1975; Hilgers & Urai 2002) and are applied to reconstruct natural textures observed in Part I of this study (Sizaret et al. 2006, Part I) .
CRYSTAL GROWTH EQUATION
Crystal growth modelled by Gilmer et al. (1971) is based on three differential equations describing mass balance at the three stages of crystal growth: (i) volume diffusion through the surrounding fluid towards the crystal surface, (ii) passage from volume to surface, (iii) diffusion along the surface and incorporation of adsorbed elements in kink sites (Fig. 1 ).
Figure 1
Assuming that x s <<Λ (see below for definition), Gilmer et al. (1971) deduced the mathematical expression for the growth rate: being the diffusion coefficient along the crystal surface), x s is the mean diffusion distance for adsorbed solute along the crystal surface, y 0 the average distance between two steps: in the Burton-Cambrera-Frank theory, this length is inversely proportional to the super-saturation (Burton et al. 1951) . N 0 is the concentration of constitutive units in the solution, Ω the volume of a constitutive unit in the crystal, σ the relative super-saturation. The previous condition: x s <<Λ is justified as the catchments length of constitutive units should be lower than the distance to enter the adsorption layer on crystal surface. The concentration boundary layer thickness δ that appears at the denominator of (1) is, however, not clearly defined, and attempt is done in this paper to fix this point.
Equation (1) 
δ/Λ>>y 0 /2x s : the mean distance of superficial diffusion x s is more than half of the distance y 0 between two steps i.e. the crystal face is not rough (there is a small number of steps on the face).
Therefore, under these conditions, and introducing the diffusion thickness c Δ of our model, the general growth rate expression (1) can be reduced to: (Chernov, 1992) . The crystal geometry is simplified in a 2D description within a horizontal plane perpendicular to two faces. The effects of gravity are neglected. In that plane the crystal is assimilated to a 2D wedge ( Fig. 2) to which a Cartesian coordinate system ) , ( y x is attached. The x-coordinate is measured along the crystal face from the leading edge (or the apex of the face), and the y-coordinate is normal to the wall. The angle between the flow direction and the x axis is 2 π β : cases 0 = β (resp. 1 = β ) correspond to a flow parallel (resp. perpendicular) to the crystal face, reported in (Prieto et al. 1996) . We deal here with an arbitrary orientation of the flow. At a given location x, leaving the surface along the y-coordinate, one observe a velocity profile ) , ( y x u and a concentration profile ) , ( y x c (Fig. 2 ).
The velocity component u parallel to the face (v is the component perpendicular to the face, u v << ) increases from zero at the wall to an outer velocity 
with boundary conditions at the wall and outside the boundary layer:
In equation (3c), the mass flux is given by Fick's law: y
. It has been assumed that the concentration is small enough for the density ρ of the solution to be constant, so that eq. (3ab) and (3c) thickness-scale to be defined (Fig. 3) .
Figure 3
It is not useful to enter into the details here, but just give the result: the change in variable
transforms the second-order system of PDEs (3ab) into the single third-order Falkner-Skan ODE
, provided that the outer velocity ) (x U e is a suitable power law of the x-coordinate. The corresponding thickness scale is ) (
Equation (4) is much simpler to solve that (3ab), using a Runge-Kutta method for instance.
Moreover, the similarity solution ) (η f is entirely driven by the geometrical parameter β and is independent of the Reynolds number: it can be solved once for all, and the physical solution comes through the change in variables. Now, the question is to find the power law for ) (x U e (needed for boundary layer self-similarity) associated to a given angle 2 π β of the wedge. is estimated (Fig. 5 and, Table 1 ). The parametric study has been performed for β variable from 1 to -0.199 and U ∞ from 0.001 ms -1 to 5 ms -1 (Table 1) . Results show that k(U ∞ ,β) increases linearly with U ∞ and exponentially with β :
Figure 5 Table 1 Now, the solution ) (η f of (4), together with (5), (6) and (7) solves completely the flow problem (3ab) which is at disposal for the concentration equation (3c). 
DEFINITION OF THE LOCAL DIFFUSION THICKNESS Δ c (x)
In β χ , the underscore β emphasizes on the dependence of the concentration profile on the geometrical parameter β. From (4) and (8), self similar velocity and concentration profiles can be calculated for various β (Figs 6a and 6b) . The concentration profile varies sharply with increasing the Schmidt number (Fig. 6c ).
Figure 6
In order to define a diffusion thickness suitable for the growth rate calculation, it is necessary to link c Δ to the mass flux at the crystal wall (i.e. y=0; Fig.7) ) ( This local growth rate depends on geometrical parameters: β and x. A particular value is β=1, for which the growth rate doesn't depend on x, and the diffusion thickness depends only on the fluid velocity. In any other case β<1, the value
increases with x. The constant diffusion thickness Δ ⊥ for faces normal to the flow will be used to normalize relative growth rates ( § 6, eq.
(16)) and  is given by:
Near the apex, the present model is questionable because 1 Re ≈ Now, depending on the value of c x , three types of bulk growth can be considered (Fig. 8 ):
• First, when x c is small, very high growth rates localized on the edges in the apex area suggest that crystal should develop dendritic shapes.
• Second, for intermediate values of x c , the growth rate decreases with x, the trend in β is not obvious due to the combination of (6) in the hydrodynamic model and the empirical power law in (7).
• Finally, for higher values of x c , the growth rate increases with β and still decreases with x, i.e. growth is higher in the upstream direction and decreases downstream.
This discussion states that when the crystals are small, the faces exposed at high angle with respect to the flow direction are not necessarily those with the highest growth rate. Moreover, the always decreasing growth rate with x explains the occurrence of concave curved shape faces as observed in the Chaudes-Aigues pipe (e.g. Sizaret et al. 2006 Fig. 1e in Part I).
TEXTURE RECONSTRUCTION
In this part, the model is applied to the reconstruction of the texture observed on the calcites formed in a pipe at Chaudes-Aigues. Calcite crystallises in a flow of constant direction (the pipe) and constant temperature of about 70°C (Sizaret et al. 2006, Part I) . The following discussion assumes that crystals behave independently, i.e. concentration boundary layers occurring on a crystal do not influence each others. This assumption is well verified for high Schmidt numbers (Fig. 6c) or for high flow velocity, when the boundary layer is thin and do not separate.
The textural study in Part I (Sizaret et al. 2006, Fig. 1d in Part I) suggests that the calcite crystal has its <c> axis in vertical position rising in the flowing solution. Therefore, reconstruction focuses on a horizontal plane, i.e. the section normal to <c> with trigonal symmetry. Absolute reconstruction with (13) is not obvious since parameters 0 N and Ω of eq. (1) are not well known. So, in this part, we reconstruct the shape using the relative growth of different faces. From (2), when diffusion dominates, it is easy to show that the local ratio of growth band thicknesses L 1 (x)/L 2 (x) of two faces 1 and 2 is equal to the inverse of the local diffusion thicknesses ratio:
As mentioned above, the diffusion thickness (14) is constant for normal faces (β=1). It is then obvious to normalise all the growth bands thicknesses with L ⊥ . With (12) and (14), eq. (15) reads:
This latter expression is independent of U ∞ because equation (7) for k(U ∞ ,β) is a linear function of U ∞ . Diffusion coefficients of Ca 2+ and CO 3 2-are about 1.5 10 -9 m 2 s -1 (Vanysek 2001) , and dynamic viscosity at 70°C is close to 0.4 10 -6 m 2 s -1 (Haar et al. 1984) . The Schmidt number in (8) is then estimated at about 260. From the numerical solution of (8) Successive bands are reconstructed in three steps, on an initially isotropic shape with faces about 100 µm long (Fig. 9) . In order to obtain a ≈200 µm shape, L ⊥ has been taken quite arbitrarily to be 37.5 µm.
The reconstruction of growth bands needs flat edges, but the growth rate formulation (13) produces curved shapes. In order to make the reconstruction possible at each step, we approximate the curve resulting from (16) by its tangent at the end of the edge where x and Re x have maximum values (Fig. 9) . A consequence for this approximation is to lower the degree of anisotropy of the final shape. The growth rate of the downstream face has also to be estimated because no mathematical expression can be found for β <-0.199. Low chemical fluxes in shade area may be due to the influence of upstream faces that consume the elements in the solution, hence lower the concentration in the hydrodynamic wake of the crystal. Low growth rates in this area have been confirmed by experiments on ADP (Prieto et al. 1996) and observations in calcites (e.g. Sizaret et al. 2006, Fig. 4b (Fig. 10e) . This is in good agreement with observed growth bands on small crystals (Fig. 4b in Part I). The initial shape has a trigonal symmetry. The model that predicts higher upstream local growth rates produces elongated shapes. Initial crystals with a plane of symmetry parallel to the flow direction will develop elongated shapes that preserve the initial plane of symmetry, as predicted by the Curie principle (Fig. 10b) . When crystals are randomly oriented, the long axis rotates towards the flow direction (Figs 10c-10f ). This is in good agreement with the two sub populations observed in the Chaudes-Aigues calcite (Figs 1f and 1i in Part I). 34 * * * * * Appendix: Figures 1 and 4 , in Part I. 
